
An et al. BMC Cancer          (2022) 22:393  
https://doi.org/10.1186/s12885-022-09489-1

RESEARCH

Humanized CD19 CAR-T cells in relapsed/
refractory B-ALL patients who relapsed 
after or failed murine CD19 CAR-T therapy
Lihong An1, Yuehui Lin1, Biping Deng2, Zhichao Yin1, Defeng Zhao1, Zhuojun Ling1, Tong Wu3, 
Yongqiang Zhao3, Alex H. Chang4, Chunrong Tong1 and Shuangyou Liu1*   

Abstract 

Background:  For CD19-positive relapsed/refractory B-cell acute lymphoblastic leukemia (r/r B-ALL) after treat-
ment with murine CD19 (mCD19) CAR-T, the reinfusion of mCD19 CAR-T cells may be ineffective due to anti-mouse 
single-chain variable fragment (scFv) antibody caused by mCD19 CAR. To overcome this immunogenicity, we applied 
humanized CD19 (hCD19) CAR-T cells to treat r/r B-ALL patients with prior mCD19 CAR-T therapy.

Methods:  Nineteen pediatric and adult patients were included, 16 relapsed after and 3 were primarily resistant to 
mCD19 CAR-T. All patients presented with more than 5% blasts in bone marrow and/or extramedullary disease, and 
still showed CD19 antigen expression. Humanized CD19-CARs were lentiviral vectors carrying a second generation 
CAR with 4–1-BB co-stimulatory and CD3ζ signaling domains. Patient-derived cells were collected for producing 
CAR-T cells, the median dose of infused hCD19 CAR-T cells was 2.4 × 105/kg (range, 1.0–18.0 × 105/kg).

Results:  hCD19 CAR-T resulted in a complete remission (CR) rate of 68% (13/19). Among 13 remission patients, 11 
underwent allogeneic hematopoietic cell transplantation (allo-HCT) (3 were second HCT) and 10 remained in CR; 
the event-free survival rates at 12–18 months were 91% in 11 patients received following allo-HCT and 69% in all CR 
patients. Six cases had no response to hCD19 CAR-T, 3 died of disease progression; another 3 received salvage second 
transplantation, of them, 2 relapsed again (one died). Cytokine release syndrome (CRS) occurred in 95% (18/19) of 
patients, most CRS events were grade 1 and grade 2 (n = 17), there was only one grade 4 CRS. Two cases experienced 
grade 1 neurotoxicity.

Conclusions:  Humanized CD19 CAR-T cell therapy could be a treatment option for CD19-positive B-ALL patients 
who relapsed after or resisted prior murine CD19 CAR-T, hCD19 CAR-T followed by allo-HCT provided a longer remis-
sion in CR patients. Nevertheless, the prognosis of non-responders to hCD19 CAR-T remained dismal.

Trial registration:  Chinese Clinical Trial Registry/WHO International Clinical Trial Registry (ChiCT​R1900​024456, URL: 
www.​chictr.​org.​cn); registered on July 12, 2019.
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Introduction
Although CD19-specific chimeric antigen recep-
tor (CAR) T-cell therapy has achieved high complete 
remission (CR) rates in relapsed/refractory B-cell acute 
lymphoblastic leukemia (r/r B-ALL) [1–4], a minority of 
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patients have no response and many patients relapse with 
either CD19 positivity or CD19 negativity. For patients 
with CD19 positivity relapsed after or resisted to prior 
CD19 CAR-T therapy, retreatment with CD19 CAR-T 
cells remains a treatment option. At present, most of 
CD19 CAR-T cell products are murine-derived, the rein-
fusion of same murine CD19 (mCD19) CAR-T cells may 
not be effective owing to anti-mouse single-chain vari-
able fragment (scFv) antibody caused by mCD19 CAR 
[5–7], whereas humanized CD19 (hCD19) CAR may 
overcome this immunogenicity.

It has been reported that one patient relapsing after 
mCD19 CAR-T did not respond to a secondary infusion 
of mCD19 CAR-T cells but obtained CR following hCD19 
CAR-T [8]; and 4 of 5 patients who had received previous 
mCD19 CAR-T and relapsed with CD19+ B lymphoblas-
tic cells achieved CR by treatment with humanized selec-
tive CD19 CAR-T [9]. Very recently, while this paper was 
in preparation, a new study showed that, in 33 childhood 
and young adult B-ALL patients with prior mCD19 CAR 
exposure (CD19+ relapse, n = 15; B-cell recovery, n = 16; 
no response to prior CAR-T cells, n = 2), the overall 
response rate at 1 month after humanized CD19 CAR-T 
cell infusion was 64% [10].

In this study, we used hCD19 CAR-T cells to treat 
19 relapsed/refractory B-ALL patients who previously 
received mCD19 CAR-T but still had a high level of 
CD19 antigen expression, including 16 cases relapsed 
after and 3 cases primarily failed to mCD19 CAR-T, the 
treatment response at 1 month and follow-up outcomes 
were evaluated.

Patients and methods
Patients
From January 2019 to November 2020, a total of 21 pedi-
atric and adult patients with relapsed/refractory B-ALL 
were enrolled (7 were in the proof of concept procedure 
before trial registration date), cases only with minimal 
residual disease (MRD) were not included. All patients 
had a history of prior murine CD19 CAR-T (with or 
without CD22 CAR-T) therapy, and their leukemia cells 
expressed high levels of CD19 antigen (≥95% of blasts 
were positive for CD19) identified by multiparameter 
flow cytometer (FCM) (Fig.  1A-C). Patients with leuke-
mia cells in cerebrospinal fluid but without intracranial 
lesions were eligible. Eastern Cooperative Oncology 
Group performance status (ECOG PS) of 0–2 and ade-
quate organ function were required. The details of inclu-
sion and exclusion criteria were showed in supplemental 
method. Among 21 enrolled patients, two were excluded: 
one had received CD79b and CD20 CAR-T cells except 
for CD19 and CD22 CAR-T, and another one once 
received humanized CD19 CAR-T; the remaining 19 

patients underwent hCD19 CAR-T therapy. The last cell 
infusion was performed in November 2020, and the cut-
off date of follow-up was as of July 31, 2021.

Humanized CD19 CAR‑T cells and treatment
Humanized CD19 CARs were lentiviral vectors carrying 
a second generation CAR with 4–1-BB co-stimulatory 
and CD3ζ signaling domains (from Shanghai YaKe Bio-
technology Ltd., Shanghai, China). The antigen recogni-
tion domains of CD19-specific CARs are single-chain 
variable fragments obtained from a human antibody 
phage display library. Patient-derived cells were collected 
for producing CAR-T cells, which were transfected by 
lentiviral vectors and cultured for 5–8 days. The dosage 
of infused CAR-T cells was set at ≤5 × 105/kg of body 
weight for post-transplantation patients and ≤ 50 × 105/
kg for pre-transplantation patients, usually between 1 
and 10 × 105/kg of body weight. The exact dosage for each 
patient depended on the cell product, patient’s situation 
and physician’s decision. Patients received lymphode-
pleting agent fludarabine (30 mg/m2/day) with or with-
out cyclophosphamide (250 mg/m2/day) for 3 days prior 
to cell infusion, additional short-term and non-intensive 
chemo  drugs before or together with lymphodepleting 
agents were allowed for these heavily treated patients. 
Targeted drugs such as tyrosine kinase inhibitors (TKIs) 
and intracranial chemotherapy could be used. All medi-
cations were withdrawn at least 1–2 days before CAR-T 
cell infusion.

This phase I study was approved by Beijing Boren Hos-
pital ethics committee and registered on Chinese Clinical 
Trial Registry/WHO International Clinical Trial Registry 
(ClinicalTrials#: ChiCTR1900024456), written informed 
consents were obtained in accordance with the Declara-
tion of Helsinki, for children under 18 years old, the par-
ticipant consent form was signed by their parent/legal 
guardian.

Assessments
Disease status and treatment effects were determined 
according to the guidelines of the National Comprehen-
sive Cancer Network (NCCN) [11]. Immunophenotype 
and MRD were performed by flow cytometry on BD 
FACSCanto II or FACSCalibur, monoclonal antibodies 
were purchased from BD pharmingen (San Diego, Cali-
fornia). Fusion genes were assayed by real-time quan-
titative polymerase chain reaction (qPCR) (Applied 
Biosystems 7500, Thermo Fisher Scientific). The MRD 
level below 1 × 10− 4 (both FCM and qPCR) was defined 
as negative. The extramedullary disease (EMD) was 
evaluated by PET-CT/CT/ultrasound. Cytokine release 
syndrome (CRS) and neurotoxicity were graded by the 
ASTCT grading system [12]. CAR-T cell numbers were 
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determined through flow cytometric quantitation, FITC-
conjugated CD19-CAR detection reagents were provided 
by Shanghai YaKe Biotechnology Ltd. (Shanghai, China). 
B-cell aplasia (BCA) was defined as less than 3% CD19 
positive lymphocytes in bone marrow (BM). Cytokines 
were assayed by enzyme-linked immunosorbent assay 
(R&D Systems, Bio-Techne). Gene mutations were 
detected by targeted high-throughput sequencing (Illu-
mina NextSeq 550).

Statistics
R software version 4.1.1 was used to graph and analyze 
data. Categorical variables were compared by the Fisher 
exact test. The probability of event-free survival (EFS) 
was estimated by the Kaplan–Meier method, the time-to-
event (death, relapse or survival) analyses were calculated 

from the date of hCD19 CAR-T cell infusion to the date 
of death, relapse or last follow-up.

Results
Patient characteristics
A total of 19 r/r B-ALL patients were eligible for hCD19 
CAR-T cell infusion, 16 relapsed after mCD19 CAR-T 
(one failed the second infusion of mCD19 CAR-T cells) 
and 3 were primarily resistant to mCD19 CAR-T; the 
median age was 20 (range, 4–49) years, consisting of 11 
adults and 8 children younger than 18 years old. Two 
cases had BCR-ABL fusion gene and 7 were Ph-like 
B-ALL (2 simultaneously harbored TP53 gene muta-
tions). Twelve patients (63%, 12/19) showed bone mar-
row relapse and blast cells in BM varied between 7 and 
98%; 7 cases (37%, 7/19) relapsed with extramedullary 

Fig. 1  CD19/CD22 antigen expression identified by flow cytometry. A, B, C Representatives of CD19 expression on lymphoblasts before hCD19 
CAR-T therapy in 3 patients (Pt.). Samples were from bone marrow (BM) or tissue (Pt.12 relapsed with extramedullary disease only and without BM 
involvement). D Partial CD22 expression in Pt.18 who failed two mCD19 CAR-T therapies
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disease (EMD only, n = 1; both EMD and BM, n = 6), of 
them, 2 had central nervous system leukemia (CNSL) 
and 5 showed multifocal diseases (defined as ≥ two sites 
of EMD) including one with CNSL. Ten cases underwent 
allogeneic hematopoietic cell transplantation (allo-HCT) 
with no graft-versus-host disease (GVHD) at enrollment 
(Table 1 and Table S1) .

All 19 patients previously received mCD19 CAR-T 
cells, 16 received one infusion and 3 received two infu-
sions. In 3 cases treated with second mCD19 CAR-T 
(2 relapsed after and 1 failed first mCD19 CAR-T), 1 
obtained CR again and 2 were non-responders (patient 
#18 was resistant to both first and second mCD19 CAR-
T). Although patient #18 failed two mCD19 CAR-T ther-
apies, the preferred target antigen was still CD19 instead 
of CD22 because her blast cells expressed a high level 
of CD19 but a low level of CD22 (Fig. 1C-D), moreover, 
we sequenced her CD19 gene and potential gene muta-
tions were excluded. Eleven cases also received CD22 
CAR-T treatment which was followed by (n = 8) or 

simultaneously with mCD19 CAR-T (n = 3) (Table 1 and 
Table S1).

Humanized CD19 CAR‑T cell expansion and toxicity
The median dose of infused hCD19 CAR-T cells was 
2.4 × 105/kg (range, 1.0–18.0 × 105/kg). CAR-T cell 
expansion was seen in 17 patients, the median peak num-
ber of CAR-T cells in peripheral blood was 5.2 × 106/L 
assayed by FCM (Table S2 and Fig. S1), which was lower 
than that (72 × 106/L) in our patients who firstly received 
mCD19 CAR-T [13]. Additionally, CAR-T cells could not 
be detected in 9 patients (53%, 9/17) within 10–37 days 
after cell infusion. These data implied that, in this cohort 
of patients having received repeated CAR-T cell infu-
sions (3 with two CD19 and 11 also with CD22 CAR-T 
cell infusion), CAR-T cells could not proliferate at a high 
level and persist a longer time. In two patients with no 
detectable CAR-T cells, one (patient #16) presented 
grade 1 CRS, significantly increased cytokines (Table S3) 
and obtained CR, furthermore, he had no CD19-positive 
B-cells in BM after CAR-T, we assumed that this case 
actually had expanded CAR-T cells whereas these cells 
could not be detected by FCM (no PCR data) due to an 
uncertain reason. Cytokine release syndrome occurred 
in 95% (18/19) of patients, most CRS events were grade 
I (n = 15) and grade 2 (n = 2), there was only one grade 4 
CRS. Cytokine release syndrome was managed with cor-
ticosteroids according to the approach we described in 
previous work [14], 3 patients were given additional plas-
mapheresis. Grade I neurotoxicity occurred in 2 cases. 
There was no treatment-related death.

Treatment response
On day 30 after hCD19 CAR-T cell infusion, 13 (68%, 
13/19) patients achieved complete remission (including 
CR with incomplete blood count recovery) and 10 were 
MRD-negative (2 cases with multifocal EMDs could 
not be evaluated MRD and 1 had no MRD data).  There 
was no significant difference in response rates between 
patients with or without prior CD22 CAR-T therapy 
(7/11, 64% vs. 6/8, 75%, p  = 1.0), and patients with 
< 12-month or > 12-month duration from last mCD19 
CAR-T to hCD19 CAR-T (8/10, 80% vs. 5/9, 56%, 
p  = 0.3498). Among 13 CR patients, 10 relapsed after 
mCD19 CAR-T (patient #2 failed the second reinfusion 
of mCD19 CAR-T cells) and 3 were primarily resistant to 
mCD19 CAR-T (patient #18 failed both first and second 
mCD19 CAR-T). It was surprising that all 3 cases who 
primarily resisted mCD19 CAR-T obtained CR.

Six patients (32%, 6/19) had no response (NR) to 
hCD19 CAR-T therapy. Although 5 non-responders 
showed CAR-T cell proliferation, the leukemic cells of 
four patients and the normal B-cells of one patient who 

Table 1  Patient characteristics

Abbreviations: No. Number, allo-HCT Allogeneic hematopoietic cell 
transplantation, BM Bone marrow, CNS Central nervous system, mCD19 Murine 
CD19, hCD19 Humanized CD19

Characteristics No.(n = 19) % of patients

Age (years)
  Median 20 (range 4–49)

  Children (< 18) 8 42

  Adults 11 58

Sex
  Male 10 53

  Female 9 47

Prior allo-HCT
  Yes 10 53

  No 9 47

CD22 CAR-T (simultaneously with or after mCD19 CAR-T)
  Yes 11 58

  No 8 42

Disease status at enrollment
  Isolated BM (blasts 7–98%) 12 63

  Extramedullary disease (EMD) 7 37

    CNS 2

    Multiple sites (1 with CNS) 5

Adverse genetic changes
  BCR/ABL 2 11

  Ph-like (2 with TP53 gene mutation) 7 37

Interval time between last mCD19
  CAR-T and hCD19 CAR-T (months)
     < 6 6 32

    6–12 4 21

     > 12 9 47
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had no BM involvement (EMD only) still expressed CD19 
antigen after hCD19 CAR-T, these results revealed that, 
among these 5 patients, the expanded CAR-T cells did 
not target and kill CD19-positive B-cells. This phenom-
enon was reported by another group in which CTL019 
cells proliferated in vivo and were detectable in the blood 
and bone marrow of patients who had a response and 
patients who did not have a response [15]. All 6 non-
responders were post-HCT patients, the CR rate was 40% 
(4/10) in post-HCT subgroup and 100% (9/9) in pre-HCT 
subgroup (p = 0.0108), indicating that hCD19 CAR-T 
therapy was more beneficial to pre-HCT cases among 
this cohort of patients.

Follow‑up
The follow-up information of patients was shown in 
Fig.  2 and Table  2. Among 13 remission patients, 11 
underwent allo-HCT (3 were second HCT) in 6 months 
(within 1.3–2.3 months, n = 10; at 5.9-month, n = 1) after 
hCD19 CAR-T. At a median follow-up of 12.1 (range, 
8–27.5) months, 10 patients remained in CR, and only 
one relapsed at 3 months and died at 10.4 months since 
allo-HCT; there was no transplantation-related mortal-
ity. Another 2 CR patients refused transplantation, both 
relapsed at 9.9 and 9 months with CD19 positivity (their 
B-cell recovery appeared at 1.2 and 3.4 months, respec-
tively) post hCD19 CAR-T, as of the last follow-up, 1 died 
and 1 was alive. The Kaplan–Meier analysis revealed that 

Fig. 2  The follow-up information of each patient. The length of each bar represents a patient’s survival time (months) from the date of hCD19 
CAR-T cell infusion to the date of death or last follow-up. Among 6 non-responders to hCD19 CAR-T, 3 died of disease progression; 3 received 
salvage transplantation and achieved remission, of them, 2 relapsed again and 1 died

Table 2  hCD19 CAR-T treatment and outcomes

Abbreviations: CRS Cytokine release syndrome, CR Complete remission, including 
CR with incomplete blood count recovery, NR No response, allo-HCT Allogeneic 
hematopoietic cell transplantation

Variables No.
(n = 19)

% of
patients

Numbers of patients

Total CR Relapse/Death

Grade of CRS
  0 1 5 – – –

  1 15 79 – – –

  2 2 11 – – –

  4 1 5 – – –

Neurotoxicity
  No 17 89 – – –

  Grade 1 2 11 – – –

Treatment response on D30
  CR 13 68 – – –

  NR 6 32 – – –

Follow-up
  CR group 13

    allo-HCT – – 11 10 1/1(same case)

    non-HCT – – 2 0 2/1

  NR group 6

    allo-HCT – – 3 1 2/1

    non-HCT – – 3 0 0/3
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the EFS rates at both 12 and 18 months were 91% (95% 
confidence interval [CI], 50.8 to 98.7) in 11 patients 
received allo-HCT following hCD19 CAR-T and 69% 
(95%CI, 30.6 to 89.2) in all 13 CR patients including 2 
without further HCT (Fig. 3).

Among 6 NR patients, 3 died of disease progression 
and 1 of them failed subsequent CD22 CAR-T therapy as 
well. Another 3 cases received salvage transplantation (all 
were second allo-HCT) and achieved CR, 1 had been in 
CR status for 13.3 months and 2 relapsed again at 4.5 and 
8.6 months since allo-HCT, in 2 relapsed patients, one died 
and one was alive by receiving other ant-cancer therapies.

In our previous study regarding CAR-T therapy for 
post-HCT B-ALL patients, CAR-T associated GVHD 
occurred in 6 (all were CR patients) of 26 patients, 2 
cases developed acute GVHD and 4 with chronic GVHD 
(cGVHD) before CAR-T showed persistent or worsened 
pre-existing cGVHD after CAR-T cell infusion [13]. 
Here, in 10 post-HCT patients, GVHD was not observed 
after hCD19 CAR-T, the possibilities of that there was no 
CAR-T associated GVHD could be: 1) these 10 patients 
did not have pre-existing cGVHD; 2) 6 cases had no 
response to hCD19 CAR-T and therefore their donor 
T-cells causing GVHD were not increased and activated; 
3) 3 of 4 CR patients underwent second HCT immedi-
ately following hCD19 CAR-T, whose GVHD related to 
CAR-T could not be followed-up.

Discussion
With the broad use of CD19 CAR-T cells in B-cell 
lymphoblastic leukemia, post-CAR-T relapse and CAR-T 
resistance emerge as the new clinical problems [16, 17]. 

To date, most of CD19 CAR-T products including those 
approved by U.S. Food and Drug Administration are 
murine-derived. It has been reported that the specific 
IgA to murine scFv of FMC63 could be detected in sera 
of B-ALL patients received mCD19 CAR-T, and the exist-
ence of murine CAR-specific IgA may render the second 
mCD19 CAR-T treatment ineffective [9].

To overcome the treatment failure caused by immu-
nogenicity of scFv from murine CD19 CAR in patients 
with prior mCD19 CAR-T exposure, we applied human-
ized CD19 CAR-T cells to treat r/r B-ALL patients who 
relapsed after or had no response to mCD19 CAR-T but 
still showed high levels of CD19 expression. A total of 19 
pediatric and adult patients were included, more than 
half of them (58%, 11/19) had received CD22 CAR-T 
therapy as well. Humanized CD19 CAR-T cells resulted 
in a CR rate of 68% (13/19). Although this CR rate was 
lower than those obtained in patients firstly accepted 
mCD19 CAR-T in which CR rates reached 81–90% [1–
4], the therapeutic efficiency of hCD19 CAR-T cells for 
these heavily treated patients who had no more treat-
ment options was encouraging. A recent study also 
reported that the humanized CD19 CAR-T produced 
initial responses in 64% of patients treated for CD19+ 
relapse, early B-cell recovery, or nonresponse after prior 
murine CAR-T cells [10].

One patient who relapsed from first mCD19 CAR-T 
and failed second mCD19 CAR-T obtained complete 
remission after hCD19 CAR-T therapy, which veri-
fied that hCD19 CAR-T could overcome the treatment 
failure of reinfusion of mCD19 CAR-T cells. It was 
interesting that all three patients primarily resistant to 

Fig. 3  Kaplan-Meier analysis on event-free survival (EFS) in complete remission (CR) patients. A EFS in all 13 CR patients. B EFS in 11 patients who 
received allogeneic hematopoietic cell transplantation following hCD19 CAR-T
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mCD19 CAR-T (one failed two mCD19 CAR-T thera-
pies) obtained CR following the subsequent hCD19 
CAR-T. It remains unknow why these cases having no 
response to mCD19 CAR-T achieved CR by hCD19 
CAR-T, their previous mCD19 CAR-T therapies were 
performed in other hospitals with no treatment details, 
we assumed that the failure of mCD19 CAR-T therapy 
might be related to the T-cell function at cell collection, 
the procedure of CAR-T cell manufacturing or different 
clinical situations.

Among 13 CR patients, 11 underwent allo-HCT (3 were 
second HCT) after hCD19 CAR-T and 10 remained in 
remission (1 relapsed and died); whereas another 2 cases 
refused following HCT relapsed again in 10 months post 
hCD19 CAR-T (1 died). The EFS rates at 12–18 months 
were 91% in 11 patients received further allo-HCT and 
69% in all 13 CR patients. These results demonstrated 
that allo-HCT even second allo-HCT could provide a 
longer event-free survival for CR patients, therefore, 
allo-HCT following hCD19 CAR-T is suggested as a 
potent consolidation for these patients. We noted that 
there was a higher EFS rate here in post-HCT patients, 
which could be explained by the fact that this was a small 
group of patients and there was no transplantation-
related mortality. Among 6 non-responders to hCD19 
CAR-T, 3 cases received the salvage second transplanta-
tion and achieved CR, however, 2 of them relapsed again 
and 1 died. The different consequences of transplanta-
tion between patients with or without remission before 
allo-HCT supported the previous conclusion of that the 
CR status at the time of HCT was the most favorable fac-
tor of successful transplantation [18, 19], regardless of 
first or second allo-HCT. Another 3 NR patients without 
undergoing HCT died of disease progression. The follow-
up outcomes of the patients who failed hCD19 CAR-T 
therapy revealed that they had a very poor prognosis, the 
salvage transplantation could not maintain a sustained 
event-free remission either.

CD22 CAR-T therapy also showed a promising treat-
ment efficiency in r/r B-ALL patients including those 
relapsed after mCD19 CAR-T especially with CD19 
negativity [20, 21]. In this cohort of patients, more than 
half of them (58%, 11/19) had received CD22 CAR-T 
cell infusion before enrollment, either as a treatment 
(n = 5) or as a consolidation following CD19 CAR-T 
(n = 6). Of all 19 patients, 2 presented partial CD22 
expression (20–80% of blasts were CD22-positive) and 
17 had normal CD22 expression (> 80% of blasts were 
CD22-positive), the latter 17 patients therefore could 
be treated by both CD19 and CD22 CAR-T cells. Con-
sidering that these patients had a high level of CD19 
expression (≥95% of blasts were CD19-positive) and 
CD22 CAR-T therapy showed a little lower CR rates 

(73–80%) [20, 21] compared to CD19 CAR-T, we pre-
ferred to choose CD19 CAR-T as a targeted treatment. 
Among 6 patients having no response to hCD19 CAR-
T, one was subsequently infused with CD22 CAR-T 
cells and failed as well.

In conclusion, humanized CD19 CAR-T cell ther-
apy provided a treatment option for CD19-positive 
B-ALL patients who relapsed after or resisted prior 
murine CD19 CAR-T, hCD19 CAR-T followed by allo-
transplantation allowed CR patients to obtain a longer 
event-free remission. Nevertheless, the prognosis of 
non-responders to hCD19 CAR-T remained dismal.
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